Abstract. Carnosine is a natural dipeptide that has shown multiple benefits in the treatment of various diseases. This study investigated the ameliorative effects of carnosine on glucose metabolism in restraint-stressed mice. Our results showed that restraint stress could significantly influence glucose metabolism, as reflected by lowered glucose tolerance, hepatic and muscle glycogen content, and increased plasma corticosterone concentration in mice. Oral administration of carnosine (150 and 300 mg/kg) not only reverted stress-induced decline in glucose tolerance and glycogen content in liver and muscle, but also reduced plasma corticosterone level. Carnosine has also significantly suppressed mRNA expression of glucose-6-phosphatase, while elevating glycogen synthase 2, glucokinase and glucose transporter 2 expressions in the liver. The obtained results demonstrated the harmful effects induced by restraint stress, while proving that carnosine could ameliorate stress-induced glucose metabolism disturbance. It is presumable that carnosine exerts its anti-stress effects by indirectly affecting the histaminergic neuron system, modulating the stress-activated hypothalamic-pituitary-adrenal axis and improving glucose metabolism through regulation of the enzymes in the glucose metabolic pathways.
Introduction
In most developed and developing countries, people have to face different kinds of pressures and stresses in their lives. Research has proved that immune functions were commonly lower in organisms under stressed conditions (1, 2) . It has been shown that stress is strongly associated with the development of other diseases such as diabetes mellitus (3) . As one of the leading causes of mortality in the world (4) , the association between stress and development of diabetes mellitus has been extensively explored (5) . Several lines of evidence showed that diabetes mellitus is usually accompanied by abnormal blood glucose level and increased production of free radicals caused by oxidative stress (6, 7) . Carnosine (β-alanyl-L-histidine), a naturally occurring dipeptide in the human body, was found to be a potent antioxidant (8) and is highly abundant in excitable tissues such as skeletal muscles and brain tissues (9, 10) . Various reports showed that carnosine could scavenge reactive oxygen species (11) , inhibit lipid oxidation (12) , prevent glycation (13, 14) , and modulate immune functions (15, 16) and has anti-tumor (17) and anti-aging (18) activities, and so on. There were also studies suggesting the use of carnosine for treatment of cataracts (19) and autism in children (20) . However, only few studies focused on the benefits of using carnosine to treat glucose metabolism disorder. The aim of the present study was to discover the effect of carnosine on mice loaded with restraint stress. The restraint-stress mouse model is one of the animal models frequently used to study the harmful effects of stress (21) . Some of the known effects of restraint stress include irregular neuroendocrine hormones secretion (22) , tissue injuries (23), fluctuation of blood glucose (24) , and so on. The current study analyzed the malignant effect of the stress response on glucose metabolism of restrained mice. Further, the mechanisms of carnosine on restraint stress were studied.
Materials and Methods

Animals
Six-week-old male Kunming mice, weighing from 18 to 22 g, were purchased from the Guangdong Medicinal Laboratory Animal Centre, Guangzhou, China. The animals were kept in a specific pathogen-free animal room at 23 ± 2°C with a 12-h dark-light cycle and fed with standard laboratory diet and tap water. The animals were allowed to acclimatize to the environment for 1 week before the experiment. All the animal experiments were conducted in accordance with the Guide for Care and Use of the Laboratory Animals published by the U.S. NIH (publication No. 85-23, revised 1996) .
Glucose tolerance test
After 1 week of acclimatization, a small group of normal control mice (n = 6) was used to perform a preliminary experiment. A dose of 2 g/kg glucose was orally administrated to the mice to confirm the time needed for peak glucose concentration. A second group of animal was randomly divided into four groups with 8 mice in each group. Carnosine (Sigma, St. Louis, MO, USA) was dissolved in distilled water and orally administered to the mice for 7 days consecutively. The dosages of carnosine were 150 and 300 mg/kg per day for 2 groups of mice, respectively. Normal control and restraint-stressed mice were only administrated distilled water once daily. Restraint stress procedures were performed according to the protocol established by Yamaoka et al. (25) with slight modifications and was started 30 min after the last drug administration. All mice except the normal control group were fixed in an oval restraint cage for 20 h (26). Normal control mice were fasted during the restraint procedure. All animals were allowed to rest for 30 min before the glucose tolerance test. A dose of 2 g/kg glucose solution was orally administrated to all mice after the resting period. Blood was drawn from tail intravenously at 20-min intervals immediately after glucose administration and mixed with heparin sodium. All samples were centrifuged at 5000 rpm for 5 min to obtain plasma for testing glucose concentrations by commercial kits (Shanghai Rongsheng Biotech Co., Ltd., Shanghai, China).
Corticosterone determination by HPLC
Mice were anesthetized by ether and sacrificed 30 min after the restraint stress procedure. Blood samples were transferred to centrifuge tubes with heparin and centrifuged for 5 min at 5000 rpm. The obtained plasma was mixed with 0.075 mg/ml cortisol (Sigma) and extracted by ethyl acetate twice. Organic layers were combined, washed by NaOH and distilled water and dried under liquid nitrogen. Mobile phase (acetonitrile-water, 38:72, v/v, 100 μl) was added into the organic layer to acquire corticosterone (CORT) content by HPLC analysis ( Hitachi, Tokyo). The chromatography protocol was designed according to Woodward and Emery (27) with the following conditions: 254-nm UV detector; 5C18 column (4.6 × 150 mm, 5 μm; Waters, Milford, MA, USA); acetonitrile-water mobile phase (38:72, v/v); flow rate at 1 ml/min.
Measurement of hepatic and muscle glycogen content
Liver and hind leg tissues were obtained from anesthetized mice and washed with normal saline. All tissues were dried, weighed, and put into test tubes with lye solution in a ratio of 1:3 (mg:μl). The test tubes were placed in a boiling water bath for 20 min and then cooled by running water. Hydrolyzed hepatic (1%) and muscle glycogen solutions (5%) were mixed with distilled water in a ratio of 1:96 and 1:16 of tissue weight, respectively, to obtain sample solutions. The prepared sample solutions were then combined with chromogenic reagent and placed in the boiling water bath for 5 min further. All samples were cooled down by running water and absorbance was determined at 620 nm (Thermo Scientific, Waltham, MA, USA).
Determination of mRNA expressions of glucose metabolism related enzymes and GLUT2 in liver
The gene expression protocol was performed according to Yao et al. with slight modification (28) . Total RNA of liver tissues were extracted by Trizol reagent ( Invitrogen, Carlsbad, CA, USA) and reverse-transcribed with mouse Moloney leukemia virus reverse transcriptase and oligo (dT) primers (Tiangen Biotech Co., Ltd., Beijing, China), followed by PCR amplification. Thereafter, cDNA was amplified together with Taq polymerase (Tiangen) using specific primers. The sequence of primers (Invitrogen) for mouse glucose-6-phosphatase (G6PC), glycogen synthase 2 (GYS2), glucokinase (GK), and glucose transporter (GLUT2) is listed in Table 1 . The PCR products were fractionated on a 1% agarose gel (Invitrogen) and visualized by ethidium bromide staining. Band intensity was measured by the BIO-RAD Image Analysis system (BIO-RAD, Hercules, CA, USA), then quantified by Quantity One (BIO-RAD), and ex-pressed as the ratios to 18S.
Statistical analyses
All data are represented as the mean ± standard error of the mean (S.E.M.). The data obtained were analyzed by ANOVA followed by Dunnett's significant post-hoc test using the SPSS 18.0 statistical software (IBM, Endicott, NY, USA). A P value of < 0.05 was considered statistically significant.
Results
Effect of carnosine on glucose tolerance in restraint stressed mice
As illustrated in Fig. 1A , glucose concentrations of normal control mice peaked around 20 min after glucose injection. Glucose tolerance was determined and we found that the plasma glucose elimination was significantly lower in the restraint-stressed mice when compared to the normal control (P < 0.01) after the peak concentration, which was compared in Fig. 1B (29) . Oral administration of carnosine improved glucose elimination by approximately 10% (P < 0.05), while a high dose of carnosine significantly accelerated the elimination of plasma glucose by around 17% (P < 0.01).
Effect of carnosine on plasma CORT concentration in restraint stressed mice
Results showed that plasma CORT content in mice loaded with restraint stress was remarkably elevated by 175.76% when compared to the normal control (P < 0.01). Both doses of arnosine decreased CORT level, by 56.24% and 60.64%, respectively (P < 0.01) (Fig. 2) .
Effect of carnosine on hepatic and muscle glycogen content in restraint-stressed mice
Hepatic and muscle glycogen content measured in restrained mice was obviously lower than those of the normal control (P < 0.01). Administration of carnosine improved hepatic glycogen content to 64.95% (P < 0.05) Data were regarded statistically significant at *P < 0.05 and **P < 0.01 vs. normal control; ∆ P < 0.05 and ∆∆ and 98.63% (P < 0.01) of the normal level. At the same time, muscle glycogen content was also increased to 21.10% (P < 0.05) and 48.62% (P < 0.01) of the normal level (Fig. 3) .
Effect of carnosine on mRNA expressions of glucose metabolism related enzymes and GLUT2 in liver of restraint-stressed mice
The mRNA expressions obtained were compared with 18S which served as an internal standard. Restraint stress significantly up-regulated the mRNA expression of G6PC (P < 0.01) when compared with the control. On the contrary, GYS2, GK, and GLUT-2 expressions were remarkably suppressed in restrained mice (P < 0.01). With the administration of a low dose of carnosine, stress-induced changes in G6PC, GYS2, GK, and GLUT2 expressions were reversed when compared with restraintstressed mice (P < 0.05), while a high dose significantly recovered these gene expressions to different extents as shown in Fig. 4 (P < 0.01). 
Discussion
Diabetes mellitus is one of the leading causes of death in recent centuries (30) . While the pathological mechanism of diabetes mellitus is still ill-defined, environmental factors seem to be important in the development of the disease. In the 19th century, people noticed an elevation of blood glucose after acute trauma (31) . Since then people realized the potential relationships between stress and glucose metabolism disorder (32, 33) . In research, different types of stress have been applied on animals to study their influences on glucose metabolisms, including endoplasmic reticulum stress, oxidative stress, restraint stress, and so on (34 -36) . The present study employed a 20-h restraint stress to study its effects on glucose metabolism in mice (26) . Results showed that restraint stress lead to glucose metabolism disorder in mice, which was reflected by abnormal glucose tolerance level, lowered glucose elimination rate, and decreased hepatic and muscle glycogen contents. Carnosine administration was found to attenuate such detrimental effects of stress on glucose metabolism. At the same time, glycogen content was also recovered in both carnosine groups. These revealed that carnosine could improve glucose disorder caused by restraint stress.
A large body of evidence shows that stress could alter glucose metabolism (24, 35 -38) . It is generally established that enzyme activities are changed by stress response (39) . Therefore, expressions of the key enzymes in the glucose metabolic pathway were examined using RT-PCR. As illustrated in the results, mRNA expression of the important gluconeogenesis controlling enzyme G6PC was significantly up-regulated by restraint stress. This result is in accordance to previous research suggesting that the stress reaction elevated G6PC activity in mice (40, 41) . On the other hand, GYS2, GK, and GLUT2 expressions were lowered in restraint stressed mice. In accordance with previous research, glycogen content and glycogen synthase activity were significantly lowered by the stress reaction (37, 42) . Hyperglycemia could also reduce glycogen synthase (43) and GK activities (44, 45) . It had also been proved that GLUT expressions were affected by stress (38, 46) . The data from previous studies supported that restraint stress influenced glucose metabolic enzyme activities in mice, which in turn altered its blood glucose level. In our experiment, carnosine was given to restraint-stressed mice and was shown to be beneficial on improving activities of glucose metabolic enzymes. Both dosages of carnosine lowered the expression of G6PC in restrained mice. Moreover, the expressions of GYS2, GK, and GLUT2 were also increased by carnosine. These results proved that carnosine might improve glucose metabolism partially by inhibiting gluconeogenesis, promoting the synthesis of glycogen, enhancing glycolysis, and stepping up the transportation of glucose from blood to liver through regulating glucose metabolic enzymes.
In our experiments, we also observed an elevation of plasma CORT concentration in restraint-stressed mice. As the release of CORT is an indicator for the activation of the hypothalamic-pituitary-adrenal axis (HPA axis), it is believed that the hyper-activation of HPA axis was caused by restraint stress (47, 48) . At the same time, blood glucose was also found to be increased after the restraint stress reaction (49, 50) . When carnosine was orally administered to restrained mice, plasma CORT was significantly lowered. It showed that carnosine could relieve the hyper-activated HPA axis. It had been proved that carnosine could easily pass through the blood-brain barrier (51) . Recent studies by Zhu et al. have also demonstrated that carnosine could activate histamine neurons in histidine decarboxylase knock-out mice (52) . Besides, it was found that carnosine could be transformed into histidine, which is important for the synthesis of histamine in the brain, and act on histaminergic neurons system to relieve stress-induced damages (48, 53, 54) . Carnosine presumably exerted its anti-stress effect by passing through the BBB (55) . On the other hand, it was found that glucocorticoid could depress the expression of histidine decarboxylase (56) . Therefore, the anti-stress carnosine calmed the excited HPA axis and most importantly promoted the reaction of the carnosine-histidine-histamine metabolic pathway to achieve its ameliorating effects on glucose metabolism.
In the current study, restraint stress was found to be affecting glucose metabolism. Through the examination of glucose tolerance, CORT, and glycogen contents, it is confirmed that blood glucose level was remarkably influenced. Experimental results proved that CORT, an endproduct of the HPA axis, was significantly increased by restraint stress. Restraint stress also altered the activities of several glucose metabolism enzymes, including G6PC, GYS2, GK, and so on. Glucose transportation was also found to be slowed down by the stress reaction. Administration of carnosine improved glucose metabolism in restraint-stressed mice, which include better glucose tolerance, lowered CORT concentration, and increased glycogen content. Gene expressions of various enzymes, receptor proteins, and GLUT2 were also improved. It is believed that carnosine exerted its anti-stress effects by calming the hyper-excited HPA axis and at the same time regulated hepatic glucose output, activated glycogen synthase kinase, and accelerated glucose transport to balance the fluctuation of blood glucose level.
